Earthworms are the most suitable biological indicators of radioactive pollution because they are the parts of nutritional webs, and are present in relatively high numbers. Four months old Eisenia fetida were exposed to different doses of gamma radiation, namely 1, 2, 3, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 & 60 Gy to study the effects of radiation on different reproductive parameters. The number of cocoons laid and the hatchlings emerged were recorded for all the selected doses. There was no reduction in cocoon production, however; decreasing size and weight of the cocoons was observed from the samples exposed to 20 Gy and above doses. Significant reductions in the hatchlings were recorded in earthworms exposed to 10 Gy and above doses. The dose response curves for a percentage reduction in hatchlings were constructed. Exposure to radiation dose of 1 and 2 Gy did not show any reduction, however, there was z10%, z50% and z90% decrease in the hatchlings in samples exposed to 3, 15 and 45, 50, 55 and 60 Gy doses respectively. Delayed hatchability was also reported at al exposure level. Histology of irradiated earthworms revealed that the structural damage in the seminal vesicles was prominent at the exposed dose of 3 Gy onwards with complete degeneration on exposure to 60 Gy of gamma radiation.
Introduction
In nature radioactive material occurs either as naturally in the form of radioactive isotopes in rocks or as a consequence of human release such as during nuclear testing, normal maintenance of nuclear power plants and nuclear accidents such as those at Chernobyl and Fukushima Dallchi. Natural level of radiation sometime exceeds low baseline levels in uncontaminated areas by several hundred folds, resulting in significant rates of diseases in human and other organisms and also causes reproductive failure (Lubin and Boice, 1997; Ghiassi-Nejad et al., 2002) .
Reproduction is considered to be among the most sensitive radiation-associated end points (UNSCEAR, 1996) , and it not only determines the fate of the single organism, but also influence the population dynamics and the stability of higher ecological units. Although many tissues show negligible damage, the reproductive organs are very sensitive to gamma radiation because the germ cells usually show moderate to severe damage. The rapidly dividing germ cells that are still in the process of differentiation are particularly radiosensitive, and because of their active division they express radiation damage quickly (Tilton and Brower, 1983) .
As atomic power is increasingly recognized as a potential energy source to sustain future human development, radiological protection of the environment will become an even more important environmental safety concern (ICRP, 2003) . In the past decades, scientific and regulatory activities related to radiation protection has been focused on the radiation exposure on humans. The prevailing view has been that, if humans were adequately protected, then other living things are also likely to be sufficiently protected or other species are not put at risk (ICRP, 1991) . Over the time, the general validity of this view has been questioned on several occasions and therefore, consideration has been given to the potential effects of exposure to ionizing radiation of non-human biota. Thus, an understanding of the effects of ionizing radiation on non-human biota is requisite by the International Commission on Radiological Protection (ICRP) for the radiological protection of the environment (ICRP, 2003) .
In most contamination situations, the majority of the radionuclide inventory in terrestrial ecosystems is found within the soil; thus soil invertebrates can receive significant external and internal doses (Agüero et al., 2001) . Soil animals have a more important role to play in the accumulation and migration of radionuclides and earthworms are the organism that are most sensitive to the radionuclides, probably because intimate contact they have with soil constituents in the upper soil layers (Krivolutsky, 1987) . Earthworms are apt subjects for the assessments due to the potential role they play in vermi-composting and nutrient cycling and also because they constitute up to 92% of the invertebrate biomass in the soil. They are some of the most suitable animals which can act as a key bioindicator for testing the toxicity of chemicals in soils (Callahan, 1988; Goats and Edwards, 1988; Bouche, 1992) . Furthermore, among the various earthworm species, E. fetida is especially appropriate for the toxicity tests because it can be easily bred on a variety of organic wastes with short generation times. They have also been adopted as standard organisms for ecotoxicological testing by the European Union (EEC, 1984) ; OECD (1984 OECD ( , 2000 and included in the list of reference animal and plants (RAP) of the International Commission on Radiological Protection (ICRP, 2008) and as a candidate reference organism from Framework for Assessment of Environmental Impact (Agüero et al., 2001) to study the harmful effect of ionizing radiation.
Much of the data concerning the effects of radiation on earthworms are derived from field studies in which, radionuclide activities in soil have been increased by artificial contamination or by field monitoring after nuclear accidents. These studies have shown effects such as reduced population size, changes in the distribution of life cycle stages, and reduced number of species. Hertel-Aas et al. (2007) and Nakamori et al. (2009) studied the effect of chronic and acute gamma radiation respectively on E. fetida, and found that gamma irradiation reduces the reproductive ability of the E. fetida. By keeping this information as a benchmark, an attempt has been made to perceive the consequences of gamma radiation on the reproductive ability and also on the seminal vesicles of the E. fetida after exposed to different doses of acute gamma radiation.
Materials and methods
2.1. Culturing of E. fetida E. fetida were obtained from the University of Agricultural Science, Gandhi Krishi Vignana Kendra, Bangalore. The age synchronized worms were maintained according to the procedure of Yasmin and D'Souza, (2007) with slight modification. The mixture contained 75% soil and 25% cow dung for the culture of worms. The dry black soil was powdered and filtered through a fine mesh sieve. The sieved soil was then moistened, and 25 adult worms were transferred to it. The air dried cow dung, was supplemented as food, and the culture was covered with wet cloth. After 30 days, the adult worms were removed from the system. During the period of 30 days in the culture, the worms reproduced and lay cocoons. Once the worms were removed, the culture was left undisturbed for 4 months. Water was sprinkled to keep the soil moist. After 4 months, worms of the same age were obtained from the culture. This age synchronized worms were used for the experiment.
Radiation experiment
Standardized tests using earthworms have been developed according to the Organization for Economic Co-operation and Development (OECD, 2000) and similar protocols were used for assessing radiation effects. Four months old earthworms were placed in glass containers with a little amount of water and allowed to defecate for a day. A group of twenty worms (average wet weight 400 mg) was transferred to a plastic petri dish with moist filter paper and then irradiated with 1, 2, 3, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 Gy radiation using Co 60 gamma radiation source (Theratron 780-C machine) with a dose rate of 146.75 CGy/min (The exposure time ranges from 0.68 min (1 Gy) to 40.88 min (60 Gy) and the distance between the source and the object was 80 cm). After irradiation, pair of worms was placed in each plastic test container (11 cm diameter) provided with air dried cow dung as food. Non irradiated earthworms were used as control. Moisture content in the test vessels was maintained (60e80%) by sprinkling water every alternate day. A month after irradiation, numbers of cocoons laid were counted and weighed (approximately 15 days after the cocoon laid). The adult worms were removed from the soil and placed in fresh cultures. Two months after irradiation, the number of offspring (hatched from the cocoons) in the soil was examined by hand picking method. Ten replicates were used for each treatment.
The statistical analysis was carried out using one-way ANOVA and Tukey HSD test was performed to determine exactly which doses affected most significantly from the control group.
Histopathology studies
Worms from the control and the irradiated samples (1, 2, 3, 5, 10, 20, 30, 40 and 50 Gy) were subjected to histopathological studies of the reproductive organs (n ¼ 10). Histopathology was carried out according to the procedure of Hertle-Aas et al. (2007) . Immediately after irradiation worms were transferred to water for 24 h to defecate the gut content from the anterior part. Worms were then anesthetized in 12% ethanol and fixed in 10% formalin fixative for 24 h at room temperature followed by 70% ethanol. Individuals were cut between 8th and 16th segments. Resulting segments containing the reproductive organs were then dehydrated by passing through ascending grades of alcohol, cleared in xylene, infiltrated with molten paraffin, and finally embedded in paraffin wax (58 C MP). 5-mm thick transverse sections of tissue were obtained using a rotary microtome. The sections were then stained in Harris haematoxylin and eosin (H&E) stain, dehydrated using alcohol, kept in xylene to clear the excess stains and finally mounted using dihydroxy phthalate xylol (DPX). The stained slides were observed in the compound microscope (Leitz DIALUX 22, Germany).
Results and discussion

Cocoon
No significant reduction in the cocoon productions was observed in exposed samples (Table 1) . Our observation was similar to that of Hertel-Aas et al. (2007) and Suzuki and Egami (1983) were cocoon production of E. fetida exposed to different doses of gamma radiation were unaffected. Even though there was no reduction in the number of cocoons laid, cocoons obtained from the irradiated samples showed reduction in size, mass (Table 2) and change in the external morphology (Fig. 1 ). There was a significant difference in the mass of the cocoons exposed to 20 Gy and above doses (F ¼ 41.391; df ¼ 15, 304; P < 0.05). This may be envisaged due to the fewer number of hatchlings inside the cocoon.
Hatchlings
There was no significant reduction found in the hatchlings of the F1 generation whose parent was exposed to 1, 2, 3 and 5 Gy, however reduction in the hatchlings was recorded in the F1 generation of 10 Gy (F ¼ 61.842; df ¼ 15, 144; P < 0.05) radiated sample. There was z10%, z50% and z90% reduction in the hatchlings found in the samples exposed to 3 Gy, 15 Gy and 45, 50, 55 and 60 Gy doses respectively (Fig. 2) . This is well supported by the histological data where the degradation of seminal vesicles (SV) started showing at 3 Gy and very conspicuous in 10 Gy and above doses. Most of the samples exposed to 50 and 60 Gy radiation showed completely atrophied (CA) seminal vesicles (Fig. 3) . Spermatheca seems to be not affected by the radiation. The most likely mechanism for the reduction in hatchability may be that the damage is induced directly in male germ cells, i.e. spermatogenic cells or due to accumulation of damage in the testes and seminal vesicles. This could result in infertile sperm or a reduced or total lack of sperm production (Hertle-Aas et al., 2007) . It was observed that the percentage reduction in hatchling remained constant in test samples exposed to 45, 50, 55 and 60 Gy radiation doses. Even though the reproduction was low in these doses; reproduction seemed to be maintained at the reduced level, which could be indicating acclimatization or stabilization. In E. fetida, the first spermatogonial divisions occur in the testis. When the spermatogonial morula has reached the 8e32-cell stage, it leaves the testes and further spermatogonial divisions and spermiogenesis take place in the seminal vesicles Egami, 1983, 1984) . The mature spermatozoa then pass to the seminal funnels, where they remain until copulation occurs. During mating they pass through the vas efferens and the vas deferens to the exterior through the two male pores in segment 15 and stored in the spermatheca of the recipient (Edwards and Bohlen, 1996) . Although spermatogenesis has ceased, fertilization takes place by using sperms which are stored in the spermatheca after the copulation. Delayed hatchability was observed in the samples exposed to all the above doses. Unhatched cocoons were dissected, and were found to be non-embryonated. Hasan (1995) noticed that high doses of gamma radiation in beetles Tribolium anaphe can inactivate sperm or produce dominant lethals in cells and lower doses can have significant effects on sperm production, especially if the timing of the treatment has affected the developing sperm cells. Cells in the process of spermatogenesis are very radiosensitive and apparently are easily killed (Hasan et al., 1989) .
Comparison between the earthworm reproduction data of both acute and chronic gamma radiation of the present study and earlier study, it was observed that the sensitivity of the reproduction to acute gamma radiation was higher than that of chronic irradiation. In external chronic exposure tests, the hatchability of cocoons produced during the first 4weeks decreases by 61% at 43 mGy/h i.e accumulated dose of 26 Gy (Hertel-Aas et al., 2007) . The ED 50 for reproduction with acute irradiation was approximately half of the accumulated dose, i.e 10 Gy, which is almost similar to the data of Nakamori et al. (2009) at 11 Gy and slightly lower than the value of Suzuki and Egami (1983) i.e 2 kR (17.2 Gy). In general, dose rates used in the laboratory are higher than exposures in the nature. At sites contaminated by regulating the release of radionuclides, existing assessments indicate that the absorbed dose rates are usually no more than 0.1 mGy/h and always less than 1 mGy/h (Woodhead, 2004) . However, there are few circumstances after the nuclear accident in which, dose rates in nature may be much greater than the normal. For example, in case of the Chernobyl accident, where the dose absorbed by earthworms was reported to be 86 Gy during the initial few months in the 3-km zone around the reactor (Krivolutzkii and Pokarzhevskii, 1992) which affected the earthworm population as well as changes in the composition of the population. UNSCEAR has also reported that in Mayak, the total density and biomass of soil organisms were still depressed even 30 years after the accident (UNSCEAR, 1996) . Field studies from former Soviet Union sites have reported that extensive damage happened to the eggs and larva of invertebrates at 4e40 mGy/h (Sazykina, 2005) and on earthworms at lower exposure levels, i.e., 100 mGy/ h a e particle radiation (UNSCEAR, 1996) . 
Conclusion
Our study clearly shows the effect of acute gamma radiation on the reproductive ability of E. fetida, especially on the hatchability. In addition to this, histological evidence reveals that the seminal vesicles are more susceptible to radiation and results in degradation with the increase in radiation dose. Thus, the study establishes important baseline data for the radiological protection of terrestrial ecosystems and also supports the result of earlier studies (Hertle-Aas et al., 2007; Suzuki and Egami, 1983 ) that the reduction in hatchling production is due to the radiosensitivity of the seminal vesicles during the process of development of sperm cells which leads to the abnormal sperms and thus affects the fertilization.
